We review research supporting biological mechanisms in the development of sexual orientation. This research includes studies on neural correlates, prenatal hormones and related physical/behavioral correlates, genetics, and the fraternal birth order effect (FBOE). These studies, taken together, have provided substantial support for biological influences underlying the development of sexual orientation, but questions remain unanswered, including how biological mechanisms may differ in contributing to men's and women's sexual orientation development. (M.N. Skorska). 1 We recognize the term "biological" is imprecise (e.g., Bailey et al., 2016) , but we continue to use it because it is broad enough to cover all the mechanisms we review, and it is understood by most to mean the mechanisms that support the "nature" side of the nature/nurture debate.
Introduction
Sexual orientation can be defined as one's relatively enduring sexual attraction to the other sex (heterosexuality), the same sex (homosexuality), both sexes (bisexuality) or neither sex (asexuality) (e.g., Storms, 1980) . Although sexual attraction to others can be construed as the core concept of sexual orientation (e.g., Bailey et al., 2000; Bailey et al., 2016; Bogaert, 2003; Money, 1988; Savin-William, 2006) , in practical terms, sexual orientation has often also been assessed by selfidentification and/or sexual behavior (e.g., degree of same-sex or othersex sexual experiences). All three measures-attraction, identification, and sexual behavior-often align and are generally well-correlated (e.g., Sell, 1996) , but one's identity and behavior can vary for a variety of reasons (e.g., political and opportunity factors) unrelated to basic sexual attractions to others (e.g., Diamond, 2000) .
In this review, we present research supporting a biological 1 basis to sexual orientation (other recent reviews include Bailey et al., 2016; LeVay, 2016) . We note, where applicable, methodological considerations of the reviewed studies, including sampling issues and whether the assessment of sexual orientation did not measure sexual attraction. We also review research with primarily traditionally studied sexual orientation groups (i.e., exclusive or primarily exclusive homosexual and heterosexual participants), but if findings in a research area have direct relevance to the origin of bisexuality or asexuality, we will also note them. Bisexual and asexual people are understudied because these groups historically have been, relative to other sexual minorities, less visible in society and because how these groups should be best conceptualized within a sexual orientation framework is still somewhat in question (e.g., Bailey et al., 2016; Bogaert, 2012 Bogaert, , 2015 Savin-Williams and Vrangalova, 2013; Yule et al., 2017) . We also note, where applicable, if the findings are more relevant to men's or women's sexual orientation, and how they speak to differences in men's versus women's sexuality (e.g., women's increased sexual fluidity; Diamond, 2009) . Related, most studies examining men and women's sexual orientation were conducted with only cisgender people, or studies did not assess the subtlety that may exist in gender, but, where relevant, we will note if findings are applicable to non-cis identities. Finally, we concentrate primarily on studies that directly examined biological factors in their association with sexual orientation development (see our main headings throughout the review). However, although not our main emphasis here, we do not discount that there are well-conducted, large-scale studies showing little clear evidence that psychosocial factors account for variation in sexual orientation development (Bell et al., 1981; Xu et al., 2019) and that these studies also have some relevance to understanding a biological basis of sexual orientation.
Neural correlates
The sexually dimorphic nucleus of the preoptic area (SDN-POA) of the anterior hypothalamus shows sex differences in structure in a number of mammals (e.g., sheep/rams, mice, rats; Grady et al., 1965; He et al., 2018; Henley et al., 2011; Rhees et al., 1990; Roselli et al., 2004) . There is also evidence that the SDN-POA, or nearby regions, help mediate sex-dimorphic mating behavior, including in sheep/rams-an imperfect but reasonable animal model for human sexual orientation (Roselli et al., 2004) . A potentially homologous site in humans-the third interstitial nucleus of the anterior hypothalamus (INAH-3)-also shows sex differences, and differs in size and cell number between heterosexual and homosexual men (LeVay, 1991), a finding that was partially replicated (Byne et al., 2001) . There is also evidence that regions of the anterior hypothalamus in humans can be activated by smelling hormone-like steroids (i.e., pheromones), and such activation varies by sex and sexual orientation in men and women (Berglund et al., 2006; Savic et al., 2005) . Thus, POA-like brain regions may be partially processing sex stimuli associated with basic attractions to others. There are other brain sites beyond the POA that have been linked to sexual orientation in humans (e.g., suprachiasmatic nucleus; Swaab and Hofman, 1990) , but these brain regions are unlikely to mediate directly basic sexual attractions to men or women, as these sites have not been linked to sexual behavior.
Prenatal hormones and related physical/behavioral correlates
Biological theories of human sexual orientation have often centralized the role of prenatal hormone (e.g., androgens) exposure in organizing sites in the fetal brain (e.g., INAH-3) during sexual differentiation (e.g., Ellis and Ames, 1987; Hines, 2011) . This centralization occurs in part because research in mammals (e.g., rats, mice, sheep) shows that prenatal organization of SDN-POA is largely due to hormone exposure (Henley et al., 2011) .
Aside from neural correlates (e.g., INAH-3) of sexual orientation, other indirect evidence for the role of prenatal hormones in human sexual orientation development includes physical and behavioral characteristics that show sex differences, are known to be affected by prenatal hormones, and are associated with variation in sexual orientation. Such characteristics include finger digit ratios (e.g., Breedlove, 2010) , facial femininity/masculinity (e.g., Skorska et al., 2015) , otoacoustic emissions (e.g., McFadden and Champlin, 2000) , height (e.g., Skorska and Bogaert, 2017) , and gender role behavior (e.g., Bailey and Zucker, 1995) . There is evidence that men and women with same-sex attraction are shifted toward their other-sex counterparts (e.g., gay men shifted toward heterosexual women, lesbian women shifted toward heterosexual men) on these characteristics, suggesting that gay men had a lower exposure to prenatal androgens relative to heterosexual men and that lesbian women had a higher exposure to prenatal androgens relative to heterosexual women. However, a recent review of the evidence suggests that variation in prenatal hormone exposure may play more of a role in the development of same-sex attraction in women than in men (Breedlove, 2017) , as the physical correlates of sexual orientation argued to have the strongest link to variations in prenatal androgen exposure (i.e., finger digit ratios; otoacoustic emissions) are more consistently associated with sexual orientation in women than in men.
An additional physical correlate that has a prenatal basis is handedness (Hepper et al., 1991) . There is evidence from a meta-analysis that both men and women with same-sex attraction have elevated nonrighthandedness relative to heterosexual men and women (Lalumiere et al., 2000) , although the effects were stronger in women than in men (for a large recent study, see also Ellis et al., 2017) . This shift toward non-righthandedness in same-sex attracted people has been argued to reflect developmental instability prenatally (Lalumiere et al., 2000) . The stronger non-righthandedness effects in same-sex attracted women is also consistent with evidence that greater exposure to androgens tends to weaken left hemisphere dominance and increase non-righthandedness in humans (e.g., Pfannkuche et al., 2009; Lust et al., 2011) . Interestingly, there is also evidence of increased non-righthandedness in both men and women who are asexual and bisexual, providing support that there is a common prenatal mechanism underlying the development of these variations in sexual orientation (e.g., Yule et al., 2014; Xu and Zheng, 2017) .
Additional research in favour of the role of prenatal hormonal mechanisms comes from women who were exposed to higher than typical levels of prenatal androgens because of congenital adrenal hyperplasia (CAH). As adults, these women have elevated rates of same-sex attraction relative to women not affected by CAH, but it also noteworthy that the majority of CAH women also report exclusive heterosexual attraction (Meyer-Bahlburg et al., 2008) . Perhaps the most compelling evidence in favour of prenatal brain organization (via, for example, hormones) underlying the development of sexual orientation are case studies of boys who were exposed to typical levels of androgens prenatally but were re-assigned as females at birth or in early childhood, either because of surgical accidents to the genitalia or because of cloacal exstrophy, a condition that includes a malformation of the penis. All of these seven case studies (Bradley et al., 1998; Diamond and Sigmundson, 1997; Reiner and Gearhart, 2004; Reiner and Kropp, 2004) indicate that, despite being raised as girls since early childhood, they had strong sexual attraction to females as adults (see Bailey et al. (2016) for a review on such "quasi-experiments").
Genetics
Heritability studies have typically shown significantly greater concordance for same-sex orientation among monozygotic (identical) cotwins compared to dizygotic (fraternal) co-twins. However, the effects tend to be modest, and there is evidence that twin studies using better sampling procedures (e.g., registry/probability samples) have lower concordance for identical twins (median = 0.24) than studies using convenience/target samples (median = 0.54; see Bailey et al., 2016 for a discussion).
Molecular genetic studies have attempted to isolate chromosomal regions relevant to sexual orientation. In a genetic linkage study of homosexual brothers, Hamer et al. (1993) isolated the Xq28 region of the X chromosome as relevant to men's sexual orientation (see also Sanders et al., 2015) , a finding that has generally not been replicated by independent labs (e.g., Bailey et al., 1999; Ganna et al., 2019; Rice et al., 1999) . Bocklandt et al. (2011) also found evidence that genes on the X chromosome may play a role in men's sexual orientation. Examining the cells of mothers, these researchers found that mothers of multiple gay sons (versus mothers without a gay son or mothers with one gay son) had a higher likelihood of one of their XX chromosome pairs being inactivated in a non-random pattern-unusual, as X chromosome inactivation in women's cells typically occurs in a random pattern.
Other research on epigenetics (i.e., stable biochemical changes in genetic material that affect the transcription/expression of genes, rather than changes in the DNA code itself) has also been linked to sexual orientation (Balter, 2015) . Ngun et al. (2015; as cited in Balter, 2015) , for example, noted that patterns of methylation (which can activate or inactivate gene transcription) in five genome regions were associated with a same-sex orientation. This work, however, has not yet been replicated, and the original study has not been published in an academic, peer-reviewed journal.
Genetic regions on the autosomes have also been associated with sexual orientation. In a study of homosexual brothers, Mustanski et al. (2005) found evidence that regions on chromosomes 7, 8, and 10 were linked to male sexual orientation. Sanders et al. (2015) also found evidence of a genetic linkage to sexual orientation in a similar region on chromosome 8 (i.e., the pericentromeric or central region) in a genome-wide study of homosexual brothers.
In a separate genome-wide association study (GWAS) of male sexual orientation, Sanders et al. (2017) examined the location of genetic variants known as SNPs (single nucleotide polymorphisms) in relation to men's sexual orientation. The pericentromeric region on chromosome 8 was again, along with regions on chromosomes 13 and 14, associated with male sexual orientation. Although the number of participants seems large (n > 2000), Sanders et al.'s sample size was modest relative to the power necessary to detect reliable associations at a genome wide association level.
In a recent, very large (n > 450,000) GWAS, Ganna et al. (2019) examined the location of SNPs in both men and women. In addition to providing evidence that sexual orientation is likely a polygenic trait (i.e., multiple genes contributing to this characteristic), Ganna et al. (2019) found five SNP loci on five chromosomes (4, 7, 11, 12, and 15) were associated with sexual orientation. For example, men who engaged in same-sex behavior were likely to have SNPs in proximity to genes regulating olfaction on chromosome 11. Interestingly, in some prior research, olfactory functioning has been tied to sexual pleasure in men and women (Bendas et al., 2018) and, as mentioned, linked to sexual orientation (Savic et al., 2005;  cf., Nováková et al., 2013) , including differential activation of the anterior hypothalamus by pheromones (Savic et al., 2005) . Ganna et al. (2019) further found that SNP loci associated with same-sex behavior in men were in proximity to genes regulating reproductive functioning and development more directly, including genes related to testosterone and estradiol regulation and a gene located downstream of SRY (the testis-determining factor gene). This was one of the only genetic studies that incorporated women in their sample; however, Ganna et al. (2019) did not highlight any potential developmental mechanisms underlying women's sexual orientation apart from showing a genetic association. Further, although Ganna et al. (2019) had much greater power to detect reliable associations at a genome-wide level than previous molecular genetic studies, one problem with this study was that it relied on, primarily, a measure of same-sex behavior to assess sexual orientation.
Fraternal birth order/maternal immune response
The fraternal birth order effect (FBOE) refers to the phenomenon of men with same-sex attraction having a greater number of older brothers (but not older sisters) than heterosexual men. Since its establishment (Blanchard and Bogaert, 1996) , the FBOE has been replicated many times, including in national probability (Bogaert, 2004; Bogaert, 2020), cross-cultural (e.g., VanderLaan and Vasey, 2011) , and in non-cisgender samples (e.g., assigned male-at-birth transsexuals attracted to men; e.g., VanderLaan et al., 2017) . Meta-analyses confirm that the FBOE is a reliable correlate of men's sexual orientation (Blanchard, 2018a (Blanchard, , 2018b , although the effect size is modest (e.g., Blanchard et al., 1998; Bogaert, 2004) . No birth order variable reliably predicts sexual orientation in women (e.g., Bogaert, 1997; c.f., Yule et al., 2014) .
Research using a community sample of heterosexual and homosexual men with biological and non-biological siblings indicated the FBOE is very likely biological in nature (Bogaert, 2006) . This biological origin is hypothesized to reflect a maternal immune response, in which a mother's pregnancy with a male foetus results in production of antibodies to proteins specific to male brain development. These antibodies increase in concentration with each gestation of a male foetus and are argued to alter the typical functioning of these male-specific proteins in sites of the brain relevant to the development of sexual attractions (Blanchard and Bogaert, 1996; Blanchard, 2004; Bogaert and Skorska, 2011) .
Recently, we found direct support for this maternal immune mechanism (Bogaert et al., 2018) . In a sample of mothers of gay men and mothers of heterosexual men (along with additional controls), immunoassays were conducted to measure antibody reactivity to two male-specific proteins expressed in the fetal brain: PCDH11Y and two forms of NLGN4Y. For both forms of NLGN4Y tested, mothers of gay sons (and especially those with older brothers) had significantly higher anti-NLGN4Y levels than the control samples of women, including mothers of heterosexual sons. Thus, mothers of gay sons had an increased likelihood of an immune reaction against, and presumably altered the function of, this brain-related, male protein during their pregnancies with gay sons.
Some features of the Bogaert et al. (2018) results give confidence that the effects are trustworthy. Controlling for pregnancy, the four groups of women differed in the exact pattern of antibody concentration predicted from the maternal immune hypothesis: mothers of gay men with older brothers > mothers of gay men without older brothers > mothers of heterosexual sons > women without sons. Also, as predicted, women exceeded men in an immune response to NLGN4Y-an important precondition given that women should be more antigenic than men to a substance not expressed in women's tissue. The two forms of NLGN4Y were also independently produced and tested and showed very similar effects, thus providing support for an internal replication of the results. Finally, arguably the most important group difference-mothers of gay men with older brothers > mothers of heterosexual men-was among the strongest effects and occurred controlling for and not controlling for number of pregnancies. Bogaert et al.'s (2018) results provide support for a maternal immune mechanism underlying one of the most reliable correlates of men's sexual orientation (FBOE), but they also provide the first empirical evidence that a male-specific protein, NLGN4Y, may be important in the development of male sexual orientation. NLGN4Y binds with neurexins to form synapses (Dean and Dresbach, 2006) , which may affect male neural processes underlying sexual attraction to others. The X-linked homolog of NLGN4Y, NLGN4X, is very similar in structure to NLGN4Y, and an immune reaction raised against NLGN4Y may also stimulate a cross-reaction against fetal NLGN4X in some later gestations. There is evidence that mutations in NLGN4X and NLGN4Y are linked to autism spectrum conditions (Jamain et al., 2003; Ross et al., 2015) and such conditions may be elevated in asexual people (e.g., Gilmour et al., 2012) . Moreover, there is some evidence that an FBOE occurs in asexual men (Yule et al., 2014) . Thus, NLGN4X/Y may affect neurological functioning associated with, broadly, the forming of social connections to others, including sexual/romantic ones.
Multiple correlates
Typically, the correlates of sexual orientation have been studied independent of one another, but there have been some exceptions. For example, using a latent profile analysis, Swift-Gallant et al. (2019) investigated in a sample of heterosexual and homosexual men the degree of co-occurrence among three biomarkers (familiality/genetics, FBOE, and handedness). The researchers found little overlap among the biomarkers, and profile analyses showed unique groups of homosexual men were associated with each of the three biomarkers. Swift-Gallant et al. (2019) also found that FBOE was most likely to predict gender nonconformity in homosexual men. Overall, the authors concluded that their analysis supported unique pathways to the development of samesex orientation in men, although FBOE and gender role nonconformity may share an etiological origin: a maternal immune mechanism altering the function of a male-specific protein important in male fetal brain development (Bogaert et al., 2018) .
Summary and conclusions
In recent years, significant research progress has been made in understanding a biological basis to human sexual orientation. However, women's sexual orientation, bisexuality, and asexuality are under-researched, and many questions remain in understanding the development of sexual orientation generally, including questions about the development of homosexual/heterosexual differences in men. Moreover, most studies, particularly those with human participants, are cross-sectional and correlational in design with limited ability to infer causality directly. Another potential problem is that the associations between the existing biomarkers/correlates and sexual orientation are often small in effect size and, taken together, still may not account for the majority of variance in sexual orientation. One counter-argument to this criticism is that biomarkers/correlates are likely only modest and downstream indicators of the underlying mechanisms contributing to the development of sexual orientation. FBOE's relationship to men's sexual orientation is a case in point. FBOE's effect size is small (e.g., Blanchard et al., 1998; Bogaert, 2004 ), yet the maternal immune response likely underlying it may be (much) larger. Indeed, Bogaert et al.'s (2018) group effects on anti-NLGN4Y, controlling for pregnancy history, were medium in effect size. An additional consideration is that the most compelling evidence of prenatal mechanisms in men's sexual orientation is not from a biomarker/correlate per se but, arguably, from the case studies of boys with genital conditions (e.g., cloacal exstrophy) who were raised as girls and yet show strong sexual attraction to women as adults. Prenatal biological effects-regardless of whether it is hormones, genetics, antibodies to male-specific proteins, or a combination of these and other mechanisms-are likely very powerful in influencing male sexual orientation. There are no similar real-life "quasi-experiments" in girls raised as boys, but there is good evidence that biology plays a role in women's sexual orientation. For example, in one study using dynamical systems modeling, it was found that a "core" sexual orientation exists in lesbian and bisexual women despite some daily fluctuations and between-subjects variability in sexual attractions and behaviors (Farr et al., 2014) . There is also stronger evidence that variation in prenatal hormone levels-often centralized in biological theories of sexual orientation-play more of role in women's same-sex orientation than they do in men's same-sex orientation (Breedlove, 2017) , despite women's sexual orientation being more fluid and open to environmental influences than men's orientation (e.g., Diamond et al., 2017) . Future biological-oriented research may be able to solve some of these remaining puzzles on the origins of sexual orientation.
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